The Formation of Fibrils from Collagen Solutions 2. A MECHANISM OF COLLAGEN-FIBRIL FORMATION
BY G. C. WOOD Nuffield Gerontological Re8earch Unit, Department of Medicine, Univer8ity of Leed8 (Received 22 June 1959) In the preceding paper (Wood & Keech, 1960) evidence was adduced for the hypothesis that precipitation of collagen fibrils from collagen solutions occurs in two steps, the first occurring during the lag period, the second being represented by the sigmoid precipitation curve. This suggestion has also been put forward by Bensusan & Hoyt (1958) . The ultimate fibril width appears to be determined during the first step. It is the purpose of the present paper to see how the experimental results may be interpreted quantitatively in terms of a two-step mechanism.
Freshly prepared collagen precipitates can be redissolved by altering the pH or temperature and then reprecipitated by returning these variables to their original values (Jackson, 1957; Gross, 1958) .
It seems reasonable therefore to regard the formation of collagen fibrils as precipitation of the protein, in an ordered form, from solution in which it is supersaturated under the particular conditions of pH, ionic strength, temperature, etc. One might expect therefore some similarity between the precipitation of collagen and the precipitation of sparingly soluble inorganic salts, in crystalline form, from supersaturated solution.
The kinetics of the latter process has been widely studied and in many cases it has been recognized that the process takes place in two steps: (a) aggregation of the particles in solution to form nuclei, i.e. clusters of particles of just sufficient size to be stable as a separate phase: (b) growth of these nuclei, by accretion of soluble material, to form a visible precipitate. Equations describing the kinetics of these two steps have been derived and applied with some success to a number of systems (e.g. Johnson & O'Rourke, 1954; Duke & Brown, 1954; Nielsen, 1955 Nielsen, , 1958 Collins & Leinweber, 1956) .
The mechanism of protein precipitation is probably a good deal more complicated than that of inorganic salts. This is likely to be particularly so in the formation of collagen fibrils, where highly asymmetric soluble particles aggregate in a very specific manner with their axes parallel to the ultimate fibril axis (Schmitt, Gross & Highberger, 1955a, b; Gross, 1956; Schmitt, 1959) . Nevertheless, the same general principles should be applicable. Waugh (1957) has, in fact, applied the nucleation-growth concept to the precipitation of insulin fibrils, which, like collagen fibrils, are the result of aggregation of asymmetric particles.
It is of interest therefore to see how far the idea accounts for the rate of formation of collagen fibrils.
Following Waugh's treatment of the problem, the rate of formation of nuclei, dn dt = k1Cx, (1) where C is concentration of collagen, n is concentration of nuclei, x is a constant and k1 is a rate constant. This equation implies that x collagen particles must come together simultaneously to form a nucleus. The rate of growth of each precipitated particle, dm
where m is mass of the precipitated particle, A is aggregating area and k2 is a rate constant. A is assumed to be proportional to the surface area and the further assumption is made that the shape of the precipitated particle remains unchanged during its growth. Then Aocml, and equation (2) becomes dt
The rate of growth is thus assumed to be controlled by the condensation of the dissolved collagen on to the precipitate and not by its diffusion to the surface of the precipitated particles. If the growth process is reversible, equation (3) must be modified to dm d= k3mI(C-CS),
where C8 is the value of C at equilibrium, i.e. the solubility of the collagen. In the very early stages of precipitation, when (Bensusan & Hoyt, 1958; Wood & Keech, 1960) .
As the collagen concentration falls appreciably below C0 the rate of nucleation as given by equation (1) falls rapidly due to the term CO. At the same time the rate of growth of each precipitated particle as given by equation (4) increases as the particle grows, due to the term mn', until eventually the fall of collagen concentration slows growth down too. Thus the major part of precipitation will occur by growth of those nuclei formed early in the reaction, i.e. during the lag period. The contribution due to growth of nuclei formed later will be small, its actual extent depending on the relative values of k1, k3 and x. Assuming that their contribution is negligible, we have at the end of the lag period a set of small particles whose subsequent growth is responsible for all further precipitation.
It can now be seen how the observed two-step nature of precipitation (Wood & Keech, 1960) arises in terms of this mechanism. The first step, occupying the lag period, consists mainly of the formation of nuclei whereas the second consists of the growth of these nuclei into fibrils. The fibrillar nature of the precipitate results from the asymmetry of the nuclei and of the collagen macromolecules themselves. In the closed system studied experimentally the size of the fibrils is determined by the number and the shape of the nuclei and is hence decided during the lag period. It is not affected by change in rate of growth after the lag period, provided that the manner in which growth takes place does not change at the same time. The mechanism thus accounts qualitatively for the observation that although precipitation is accelerated by increasing the temperature either before or after the lag period, fibril width is altered only if the temperature is increased before the lag period and is not affected by increasing the temperature after the lag period.
For low values of p the predicted course of precipitation is given by equation (6). The size distribution and hence the growth characteristics, at the end of the lag period, of those particles fermed during the lag period might be calculated from equation (5) and the integrated form of equation (1): n = kCOO t. (7) The time course of precipitation after the lag I ,riod could then be calculated by summing the contribution of all the species of particle. The calculation can be simplified by replacing the distribution of particles by a concentration, ne, of hypoth tical identical particles. The value of ne and the sze of these particles is determined by the conditions that their total surface area and total mass must be the same as those of the actual distribution of particles. Then from equation (4) dmn ne d = k3n4m*C, which may be transformed into dP = K2 , CO*P*(' 1-P)' (8) where K2 = k2ni. On integration this becomes:
where (R -1)2 1 + 2R-1 and R = pi.
Application of equation8 (6) and (9) to experimental data The experimental data are those given in the preceding paper (Wood & Keech, 1960) . In all the experiments the collagen was almost completely precipitated and therefore , B 1.
Application of equation (6). Graphs of p against t4 for a series of experiments at different collagen concentrations are shown in Fig. 1 . As predicted by equation (6) these are linear at low values of p. According to equation (6) the slopes (S) are given by log S = log K52z+(x+2) log Co.
logS = 108
log S is plotted against log CO in Fig. 2 (9). The integral I is plotted in Fig. 3 as a function of p. By the use of this graph to obtain I from p, I was plotted against time (t) for a set of data at different collagen concentrations (Fig. 4) . As predicted by equation (9) The slopes are proportional to K2, whereas the intercepts, t, mark the ends of the lag periods. The deviation from linearity at low values ofp might be expected, due to overlap of the nucleation and growth phases, whereas deviation at values of p n the approaching unity might be due to the sensitivity of I to errors in p in this region. In spite of these deviations equation (9) The successful application of equation (9) When precipitation is complete the ratio of the radii of the largest and smallest fibrils is (ro)oo
The right-hand side may be computed from experimental precipitation curves and the results of doing this for several experiments are shown in Table 4 . In Figs. 6 and 7 the calculated spread of fibril width is compared with the observed distribution. One limit of the calculated distribution was chosen so that the maximum number of fibrils should be included and in all cases more than 70 % of the fibrils come within the predicted limits, indicating that the observed spread of fibril width is consistent with the mechanism.
Separation of the nucleation and growth 8tep8
Each of the parameters K, and K2, resulting from analysis of precipitation curves, involves constants relating to both nucleation and growth. The effect of varying experimental conditions on each of the steps cannot therefore be determined from the variation of K1 and K2 alone. The contribution of growth to K2 can in principle be estimated by analysis of fibril-width distribution, to give ne, but the existing electron-microscope data are probably not sufficiently precise. Information about the growth step can, however, be obtained by an alternative method. If, in a series of precipitations, nucleation (i.e. lag period) is allowed to proceed under identical conditions in all experiments the effect of any subsequent change of conditions must be attributed to its effect on the growth step. Table 3 shows data for a series of experiments in which the temperature during nucleation was 250 in all experiments but in which subsequent growth was allowed to proceed at different temperatures. (A typical experiment of this type was described in the preceding paper.) Now K2 = ksn4, and since n, is constant under these conditions
where (K2), is the value of K2 when nucleation occurs at 250, EA is the activation energy for growth, T the absolute temperature and R the gas constant. In introducing EA it is assumed that the shape of the fibrils and the relation between aggregating area and surface area are independent of the temperature during growth. From the graph of log (K2)g against 1/T shown in Fig. 8 , EA= 27 kcal./mole.
Included in Table 3 are data for experiments in which the whole of the precipitations were carried out at different temperatures. Under these conditions:
From the graph of log K2 against 11T shown in Fig. 8 and the above value of EA the ratio of the radii of the equivalent fibrils (r.). at 250 and 370 is calculated to be 1 6. It can be seen from Fig. 7 , which shows the distributions of fibril width at these temperatures, that this figure is of the right order of magnitude. DISCUSSION The satisfactory manner in which the simple twostep mechanism accounts for the shape of the precipitation curves and the fact that the predictions about fibril width are consistent with the electron-microscope data strongly suggest that collagen fibrils form in vitro by the mechanism outlined above, i.e. by the aggregation of soluble collagen particles to form nuclei, followed by the growth of the nuclei into fibrils. Vol. 75 60aAV3
As discussed in the preceding paper, the nature of the soluble collagen particles is uncertain; they may be discrete rod-like collagen molecules or aggregates thereof. The values of the parameter x suggest that two or three of these particles come together to form a nucleus. In view of the asymmetric nature of the collagen molecules the nuclei are probably filamentous; an important point, since the shape as well as the concentration of nuclei plays an important part in determining the rate of precipitation and the size of the ultimate fibrils. The turbidity method used to follow precipitation is, however, unable to give detailed information about nucleation, whose precise nature therefore remains unknown.
The rate of precipitation during the growth phase is determined by the number of fibrils and the rate at which each grows. The rate of the latter process is controlled by the rate of aggregation and by the surface area of the fibrils. Further quantitative electron-microscope observations, particularly at different stages during precipitation, would probably be useful in separating these three factors. It may be noted that the spread of fibril width, as given by equations (10) and (11), should be constant throughout precipitation and this conclusion might also be tested by electron microscopy.
The activation energy for growth under one set of conditions is calculated to be 27 kcal./mole. Bensusan & Hoyt (1958) concentration. It may be shown that this result follows from the equations for the two-step mechanism if it is assumed that the final distribution of fibril width is independent of collagen concentration: from equation (8) d-E Eoo(dp E EcoK2 CO*P Mna(1 Prlia.)- No electron-microscope data are available to test this but since, as described in the preceding paper, the final extinction (E,,,) of the precipitate is correlated with fibril width, the fact that Eo,/Co varies little with collagen concentration supports the assumption.
In deriving the equation for fibril growth it has been assumed that reaction of the soluble collagen particles at the surface of the precipitate is the rate-controlling step. Several workers (Nielsen 1955 (Nielsen , 1958 (Nielsen , 1959 Frisch & Collins, 1953; Collins & Leinweber, 1956; Ham, 1958) have derived equations for the rate of precipitation when the diffusion of solute to the surface of the precipitate controls the rate and have found that the shape of the precipitation curve is clearly distinguishable from that observed when reaction at the surface is ratecontrolling. If, under certain experimental conditions, diffusion of the soluble collagen particles to the surface of the fibril were the rate-controlling step it should be possible to detect this. SUMMARY 1. Fibril formation is regarded as the result of two processes: (a) nucleation, i.e. the aggregation of soluble collagen particles to form nuclei, the smallest aggregates capable of existing as a separate phase; (b) growth of the nuclei into fibrils by accretion of further soluble collagen particles. It is assumed that reaction of the soluble collagen particles with the surface of the growing fibrils controls the rate of growth and that the former process is proportional to the surface area of the precipitate and to the collagen concentration.
2. Equations are derived which qualitatively account for the occurrence of a lag period in precipitation, where the nucleation process predominates over growth, and for the observation that the final distribution of fibril width is determined during the lag period.
3. The equation for growth gives a precise description of the shape of precipitation curves over a wide range of conditions. Predictions about fibril width are consistent with experimental observations. 4. The activation energy for growth is calculated to be 27 kcal./mole (at pH 7-1, I 0-23, collagen concentration 0.05 %).
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